In this experimental study DBD plasma actuators are used to control acoustic radiation from circular cylinder models in uniform cross-flow at Reynolds number of Re D = 85,000. Circular cylinders in cross-flow are chosen for study since they represent a generic flow geometry that is similar in all essential aspects to a landing gear oleo or strut. The minimization of the unsteady flow separation from the models and associated large-scale wake vorticity by using actuators reduces the radiated aerodynamic noise. Two actuation strategies are used: spanwise and streamwise oriented actuators. Near field microphone measurements and detailed study of the near wake using LDA are presented in the paper. Both spanwise and streamwise actuators give nearly the same noise reduction level of 12.6 and 14dB, respectively, and similar changes in the wake velocity profiles. The contribution of the actuator induced noise is found to be small compared to the natural shedding noise. 
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I. Introduction
Increases in civil air traffic, coupled with a larger population in the vicinity of major airports has resulted in continued pressure to reduce aircraft noise on take-off and landing. Aircraft noise will remain a constraint on the growth of the commercial air transportation system unless new technologies can be developed to reduce community noise impact. The jet noise component of overall aircraft noise has been significantly reduced by the utilization of quieter high-bypass ratio engines. In landing approach, when engines are throttled down, airframe noise now represents a primary noise source for subsonic commercial transports and is comparable to the jet noise component. A combination of experimental and computational airframe noise research has identified key sources of airframe noise that appear more or less generic to the current generation of commercial transport aircraft. These include: (1) landing gear noise (associated with flow past landing gear main and nose wheels, oleo legs and struts, uncovered wheel wells, doors and other undercarriage elements) and (2) high-lift system noise associated with trailing flaps, leading edge slats and the associated brackets and rigging. Common to each source is a region of unsteady flow separation that interacts with associated airframe components. For example, the inherent bluff body characteristics of landing gear give rise to large-scale flow separation that result in noise production through unsteady wake flow and large-scale vortex instability and deformation 1 . It is clear that any flow control strategy, either active or passive, that eliminates or minimizes such flow separations and associated unsteady flow interactions with airframe components will have a profound effect on airframe noise. Therefore, it is not surprising to find that separation control is at the core of many noise control strategies proposed for commercial transport aircraft.
It is well known that a faired landing gear generates considerably less noise than the corresponding unmodified gear, but the need to access the gear for maintenance and stow the gear in cruise makes passive separation control via mechanical fairings impractical. Instead, Dielectric Barrier Discharge (DBD) plasma actuators can be used for on-demand streamlining by creating a virtual "plasma fairing" that effectively streamlines the gear by active means. Recent proof-of-concept experiments reported by Thomas et al. 2, 3, 4 serve to demonstrate the ability of plasma actuators to eliminate bluff body flow separation that is a source of landing gear noise.
In this paper dielectric barrier discharge (DBD) plasma actuators are used to control noise from cylinder models in uniform cross-flow. The cylinder is viewed as a generic flow geometry that is similar in all essential aspects to a landing gear oleo or strut.Two plasma actuator configurations are investigated. In the first, actuators oriented in the spanwise direction are employed. These surface mounted DBD plasma actuators are used to create a so-called "plasma fairing" that effectively streamlines the cylinder by active means. In the second approach, several actuators are oriented in the streamwise direction and are employed in order to form plasma streamwise vortex generators (PSVG). These introduce large-scale streamwise vorticity into the cylinder wake which promotes rapid mixing. In both cases the goal is the minimization of radiated aerodynamic noise. The noise reduction achieved in these benchmark experiments will set the stage for implementation of DBD plasma actuators in a more realistic landing gear geometry.
The use of DBD plasma actuators to reduce radiated noise from a cylinder in cross-flow at Re D = 33,000 was documented by Thomas et al. 2 . The current paper extends the results of the previous study to significantly higher Reynolds number and explores the use of PSVG for bluff body noise control. Before describing the flow control experiments a brief review of the DBD plasma actuator is provided.
II. Dielectric Barrier Discharge Plasma Actuators
A dielectric barrier discharge forms the basis for the plasma actuators used in this investigation 5 . This plasma actuator can sustain a large volume discharge at atmospheric pressure without arcing since it is self-limiting. The basic characteristics of DBD plasma actuators are described in Enloe et al 6, 7 . As shown in Fig. 1 , a plasma actuator consists of two electrodes that are separated by a dielectric barrier material. The two electrodes are usually given a slight overlap. When a sufficiently high a.c. voltage input is supplied to the electrodes the dielectric barrier discharge ignites. The physical structure of DBD is described in Gibalov and Pietsch 8 . The mechanism of charge multiplication and air ionization is similar to the corona discharge process described in Raizer 9 . Ionization generally starts at the edge of the electrode that is exposed to the air where the intensity of the electric field has its largest value. When the magnitude of this electric field is high enough, electron avalanches followed by streamer formation are produced. Streamers are thin, highly-ionized channels between the electrodes with a lifetime of the order of 10ns. They begin at the exposed electrode edge and terminate at the dielectric surface. Due to their relatively high conductivity, the streamers efficiently transfer electric charge from the exposed electrode to the plasma volume near the dielectric surface. Since this volume charge has the same sign as the charge of the exposed electrode, the electrostatic force repels it from the exposed electrode and attracts it to the dielectric surface above the covered electrode. This buildup of surface charge on the dielectric opposes the applied voltage and gives the plasma discharge its self-limiting character. That is, the plasma is extinguished unless the magnitude of the applied voltage continuously increases. The charge transfer process repeats in the opposite direction during the second half of the a.c. cycle (i.e. from dielectric surface back to the exposed electrode). The formation of the plasma gives rise to a body force on the ambient air. It is the resulting coupling of directed momentum to the surrounding air that forms the basis for flow control strategies. Although the direction of charge transfer varies during the two halves of the a.c cycle, the body force always has the same direction. Of importance is the fact that the body force and induced velocity can be tailored through the design of the electrode arrangement, which controls the spatial electric field. For example, Post 10 has demonstrated electrode arrangements that could produce wall jets, spanwise vortices or streamwise vortices, when placed on the wall in a boundary layer. Thomas et al. 11 report a plasma actuator parametric optimization study that demonstrates the achievement of body forces an order of magnitude greater than those attained in previous plasma flow control studies. Schatzman and Thomas demonstrated the effectiveness of the streamwise oriented plasma actuator in the boundary layer separation control 12 . This opens the possibility for plasma flow control at flight Reynolds numbers.
III. Experimental Setup
The flow control experiments are performed in one of the low-turbulence, subsonic, in-draft wind tunnels located at the Hessert Laboratory for Aerospace Research at the University of Notre Dame. The wind tunnel has an inlet contraction ratio of 20:1. A series of 12 turbulence management screens at the front of the inlet give rise to tunnel freestream turbulence levels less than 0.1% (0.06% for frequencies above 10 Hz). Experiments are performed in a test section of 0.610m square cross-section and 1.82m in length. One sidewall and ceiling has optical access for nonintrusive laser flow field diagnostics (laser Doppler anemometry).
The near-field pressure is measured with ½inch (12.7mm) ACO model 7046 free-field condenser microphone with output sensitivity of approximately 50mV/Pa. The microphone is preamplified with an ACO ½inch (12.7mm) XLR model 412 pre-amp powered by a two-channel 200/28Vdc PS2900 power supply. The microphone signal is acquired by a personal computer utilizing a Microstar iDSC1816 A/D board. This board has onboard softwarecontrolled anti-aliasing filters. The microphone was flush-mounted to the bottom wall of the wind tunnel test section and was located exactly under the center of the cylinder (in both the axial and radial directions).
Flow visualization images are obtained using a Photron FASTCAM SA1.1 high speed digital camera. Continuous olive oil fog streaklines consisting of 1 micron droplets are introduced upstream of the wind tunnel inlet contraction. The fog streaklines are contained in the spanwise centerplane of the wind tunnel test section where they are illuminated by a green solid state laser (Excel Quantum Laser with MPC6000 power supply). The olive oil fog droplets are generated by a Dantec particle seeder.
Nonintrusive wake velocity measurements were conducted using a Dantec Dynamics LDA system with Fiber Flow optical system, BSA-F60 Flow Processor, BSA Flow Software v.4.40.02, Spectra-Physics Stabilite 2017 ion laser. The fiber optic LDA system is operated in 180 o backscatter mode. To position the fiber optic head, a 3-component stepper motor traverse system with Aerotech Unidex11 motion controller is used. The same 1 micron diameter olive oil droplets are used for LDV and flow visualization.
Two circular cylinder models equipped with DBD plasma actuators are used in the current study. They are shown schematically in Figure 2 . One is equipped with two spanwise oriented actuators and the other has 15 streamwise oriented actuators, only one of which is shown in Fig. 2b . Both models are formed from identical quartz glass cylinders (1) with an outer diameter D = 65 mm, wall thickness d = 2.5 mm, span of 533.4 mm and dielectric constant of 3.7. In the configurations shown in Fig. 2 , the cylinder wall serves as the dielectric barrier for the DBD plasma. The ends of both cylinders terminate in plastic endplates which elongate the models by 9.5mm.
For the model with spanwise actuators the covered electrodes are common for both plasma actuators due to space limitations. These electrodes are made of Saint Gobain C661 1.6mil (0.041mm)-thick copper foil tape with acrylic adhesive. As indicated, the outer, exposed electrode (2) is mounted to the surface of the cylinder with its plasma generating edges located at ±90 degrees with respect to the approach flow direction. This choice for the electrode positioning is based upon the idea that the best location for the plasma actuators is near the separation point 13, 14 . The foil thickness is small compared to the boundary layer thickness so that the presence of the exposed electrodes does not change the flow significantly. The covered electrode (3) is mounted to the inner surface of the cylinder. Both inner and outer electrodes extend 0.457 meters in the spanwise direction which equals to 83% of the total span of the model.
For both actuators eight layers of 5-mil-thick Kapton tape (4) cover the inner electrodes and serve to prevent inner discharge. The inner and outer electrodes for the spanwise actuator have a small overlap, which gives rise to a large local electric field gradient. Plasma (5) forms near the edge of the exposed electrode and extends a distance along the cylinder's dielectric surface as depicted in Fig. 2(a) . As indicated in the figure, the actuators are connected to a high voltage a.c. source.
For the streamwise plasma actuator model another configuration of electrodes is used (Fig. 2b) . It is designed to form plasma streamwise vortex generators (PSVG). A schematic illustration of the PSVG concept is shown in Fig.  3 . The multiple exposed electrodes with spacing z are aligned parallel to the flow streamlines. The covered electrode is common for all exposed electrodes so that the discharge ignites at both edges of each exposed electrode. This arrangement creates opposing wall jets which collide and give rise to pairs of counter-rotating vortices. In the cylinder application these will increase the mixing in the wake shear layers, thereby reducing large-scale vortex shedding. In the current study, the cylinder model has 15 exposed streamwise oriented electrodes of 0.25in (6.35mm) in width with a spanwise wavelength z of 1.25in (31.75mm). The PSVG actuators cover the windward half of the cylinder (from -90 to +90 degrees) as shown in Fig 2(b) . The ends of the exposed electrodes are tied together at the rear side of the model. The covered electrode is similar to the one used for the spanwise model but it is located under the windward half of the cylinder. The photographs of both models in the wind tunnel facility are presented in Fig. 4 .
In this study, the spanwise actuator uses a positive sawtooth waveform a.c. voltage of 66kV peak-to-peak at 1000Hz. The streamwise actuators use a sinusoidal a.c. voltage of 69kV peak-to-peak at 500Hz. While the sawtooth waveform has been shown to give a higher body force 6, 7, 11 , the sinusoidal waveform is chosen for PSVG in order to reduce the load on the amplifier because of the high total electric capacitance of the series of streamwise actuators. The high voltage is measured by LeCroy PPE20kV DC high voltage probe with LeCroy LT262 oscilloscope. The high-frequency, high-amplitude a.c. voltage is created using the circuit shown in Fig. 5 . A low amplitude signal from an arbitrary waveform function generator (e.g. Agilent Technologies model 33220A) is first supplied to two, two-channel power amplifiers (Crown XTi4000). The amplified voltage from each of four channels is then fed through a resistor module containing four 2 Ohm, 300 Watt ballast resistors which are connected together at the primary coils of two 1:360 transformers with the maximum output voltage 25kV AC (Corona Magnetics). The primary coils of the transformers are connected in parallel but in the opposite polarity. The low potential leading-out wires of the secondary coils are connected to the ground. High voltage required by the plasma actuator is taken from the two high potential leads of the transformers giving the same signal in the opposite polarity so that the effective winding ratio of this system is 1:720.
Fig. 5 Plasma generation circuit used in experiments.
Dielectric barrier discharge is accompanied by high intensity radio frequency electromagnetic noise. An antinoise filter is used to suppress this noise. In essence, it is a low-pass filter consisting of an two inductors (8 turns, ferrite core, 31.1 mm OD, 19.1 mm ID, 15.9 mm Height) and a battery of four high-voltage capacitors (25pF, 15kV DC max). The filter does not affect the actuating frequency but prevents high frequency noise from entering the high-voltage wires which the feed plasma actuators. For typical laboratory experiments, these wires have a relatively large length and radiate electromagnetic waves like an antenna if the filter is not installed.
IV. Flow control experiments
This section presents the results from a series of flow control experiments utilizing DBD plasma actuators mounted on the circular cylinder models shown in Figure 2 . This work extends previous experiments utilizing twin and four spanwise oriented actuators that were reported previously by Thomas et al 2, 3, 4 . Measurements to be presented include olive oil fog flow visualization and near wake LDA mean velocity and turbulence intensity velocity profiles. The Reynolds number for the LDA velocity measurements (based on free stream velocity and cylinder diameter) is Re D = 85,000 (the magnitude of freestream velocity = 20±1 m/s). For flow visualization the Reynolds number is reduced to Re D = 17,000 in order to facilitate effective flow visualization. Measurements were performed both with and without plasma actuation. In a previous flow control study 2 two actuation strategies were used: steady and unsteady actuation. In the unsteady mode the high frequency ac signal was modulated with some lower frequency related to a time scale related to the flow. The plasma actuators in the current study are always operated in a quasi-steady mode in the sense that an unmodulated ac carrier of constant frequency was used.
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A. Flow visualization results
The influence of the plasma actuators on the global structure of the cylinder flow is presented first. An image of the flow over the cylinder with the actuators off is shown Fig. 6 . For this and other images presented in this section the high speed camera frame rate was 250 frames per second. With the actuators off, the flow obviously undergoes subcritical separation leading to a large-scale separated flow region that is accompanied by unsteady, Karman vortex shedding at a Strouhal number of St D =0.2 (approximately f S =58 Hz for Re D = 85,000). The corresponding flow with spanwise plasma actuators on is shown in Fig. 7 . This figure shows that the plasma actuation significantly reduces the characteristic size of the separated flow region. Note that the separation points have moved to the aft portion of the cylinder surface. The wake structure is dramatically altered and it is apparent that Karman vortex shedding has been eliminated. Comparison of figures 6 and 7 nicely illustrates the "plasma faring" effect by which the cylinder has been effectively streamlined by plasma flow control. In Fig. 9 the laser light sheet is vertical and aligned perpendicular to the flow. This plane contains the cylinder axis (x=0) and the flow image obtained is above the cylinder. The camera is mounted inside the wind tunnel and is facing the oncoming flow. Pairs of counter rotating vortices induced by the plasma actuators are clearly seen in the figure. While the flow control mechanism for the spanwise oriented actuators is based mainly on a Coanda effect which keeps the flow attached to the cylinder surface, the streamwise actuators work as vortex generators which create relatively large-scale disturbances in the separated wake shear shear layer. Thus, it promotes momentum exchange between low sped and high speed regions which leads to shear layer separation delay and Karman shedding reduction. Figure 10a compares streamwise-component turbulence intensities for the natural wake with those for plasma flow control using the twin spanwise plasma actuators. Measurements are presented for x/D = 1, 2 and 4. At x/D =1, the plasma actuation has the effect of reducing the streamwise intensity in the wake shear layers by approximately 28%. Reduced turbulence levels for the "plasma on" case also occur at x/D = 2 except at the wake centerline where the shear intensity levels are comparable. At x/D = 4 the intensity levels in the plasma on case are reduced across the wake by approximately 40% from corresponding values in the natural wake. Figure 11a presents corresponding measurements of the cross-stream component intensity. Note that values in the natural wake are quite high and this is associated with the unsteady lateral motion of the wake due to Karman vortex shedding. That is, they are not true turbulence levels per se, but rather and indicator of a very unsteady lateral flow associated with Karman shedding. Consistent with previously presented flow visualization which showed elimination of Karman shedding by the spanwise plasma actuators, the actuator on lateral intensity results at x/D = 1 show a 53% reduction from the natural flow. Reductions at x/D = 2 and 4 are approximately 32% and 21%, respectively. These values suggest a significant plasma-induced suppression of unsteady lateral wake motion associated with near-wake Karman vortex shedding. This is also manifest in the observation from both Figures 10a and 11a that the timeaverage near-wake width (as defined by the intensity profiles) is much thinner in the plasma on cases. Figure 12a and 12b compare representative wake mean velocity defect profiles at x/D =2 and 8, respectively, for the natural case and using plasma actuation with spanwise oriented actuators. Note that the near-wake defect at x/D = 2 is larger for the plasma actuated case. This may be explained by the reduction of vortex shedding which makes the near-wake flow less unsteady and the mean defect more defined. In contrast, the natural case represents a temporal average of a laterally oscillating flow and the time mean defect is consequently smaller. Figure 12b compares defect profiles at x/D =8 and shows that farther downstream, the elimination of shedding and wake turbulence levels yields a smaller wake defect for the plasma on case.
B. LDA Measurements
Both LDA mean flow and turbulence measurements clearly indicate that the effect of the spanwise plasma actuators is to delay cylinder separation and eliminate Karman shedding which gives rise to a more steady near wake flow. This should be beneficial in terms of noise reduction. Figure 10b presents the streamwise fluctuating component intensities for both the natural cylinder wake and using the PSVG. Unlike the spanwise plasma actuation case, use of the PSVG gives rise to an increase in intensity in the wake shear layer at x/D =1 and 2. This is due to the fact that the PSVG serves to inject streamwise vorticity into the nascent wake shear layer which promotes cross-stream mixing and increased turbulence levels. Although the flow separates from the cylinder, the cross-stream mixing reduces unsteadiness associated with the Karman shedding and streamwise component intensities obtained farther downstream are actually less for the PSVG case as shown in Figure 10b for x/D =4. The effect of the PSVG is reducing unsteadiness associated with Karman shedding is obvious from examination of lateral component turbulence intensities shown in Figure 11b . At x/D =1 the lateral intensity is much higher than was the case for spanwise actuation. However, by x/D =2 and 4 the reduction in lateral unsteady motions associated with Karman shedding is comparable to that achieved by using the spanwise actuators. It should be noted here that the LDA traverses shown in Figures 10b and 11b were obtained at a spanwise location corresponding to one of the exposed electrodes. Profiles were also obtained at spanwise locations centered between electrodes and no significant differences were noted. This implies that by the first measurement location (x/D =1) significant cross-stream mixing had already occurred. Figure 13a compares wake velocity defect profiles for natural and PSVG cases at x/D =2. This figure shows that the effect of the PSVG flow control is to give rise to a steadier near wake flow and, as a consequence, the mean velocity defect is larger for the PSVG case. In fact, the results are quite similar to those observed in Figure 12a for the case of spanwise plasma actuation. Figure 13b shows that by x/D = 8 the mean velocity defect is comparable for the natural and PSVG cases which suggests that the effect of the PSVG is more localized to the near wake region. Recall that Figure 12b showed a significant reduction of the wake defect for the spanwise plasma actuation case at x/D = 8. 
V. Noise Control Results
In this section, acoustic measurements that demonstrate effective plasma-induced suppression of acoustic radiation associated with Karman vortex shedding are presented. The microphone was flush mounted in the wind tunnel wall directly below the axis of the cylinder model (x=0). The fluctuating pressure measured by the microphone contains contributions from both the cylinder wake and noise produced by the wind tunnel facility. The fan noise and the duct resonance in the wind tunnel channel that includes the diffuser and the fan sections give a major contribution to the wind tunnel noise. For this reason, the objective of the microphone measurements reported in this study is to document changes in the acoustic spectrum that result from operation of the plasma actuators. The 1/3 octave sound pressure level spectra plots of the acoustic pressure for both models are presented in Figure 14 . They were obtained at Re D = 85,000 (corresponding to a free stream speed of U ∞ =20m/s). Five cases are shown: (1) wind tunnel noise without the model, (2) no plasma actuation, spanwise actuator, (3) steady plasma actuation, spanwise actuator, (4) no plasma actuation, PSVG actuator, and (5) steady plasma actuation, PSVG actuator. Pressure fluctuations at the Karman vortex shedding frequency are apparent in the no-actuation spectra (i.e. "plasma off" cases). In the "plasma on" case, this spectral peak is completely suppressed. In fact, the main source of the acoustic noise radiation in a flow around a bluff body at low Mach numbers is a dipole source associated with large pressure fluctuations at the body surface due to unsteady vortex shedding. The contribution of the other sources of noise like the wake turbulence noise or separated boundary layer noise is very small compared to that dipole source. These noise sources are completely dominated by the wind tunnel noise. The power spectral density of the acoustic pressure signal is integrated numerically from 45 to 66 Hz to obtain the change in sound pressure level associated with the suppression of Karman wake vortices. Calculations show that the near-field sound pressure level is reduced by plasma actuation by 12.6dB for the spanwise actuator case and by 14.0dB for PSVG actuator. For the integration of the whole frequency range from 30Hz to 3000Hz the noise reduction is 3.8dB and 4.7dB correspondingly. This is because of the significant level of the wind tunnel noise. Besides the suppression of vortex shedding, the actuator creates its own acoustic noise due to the unsteady body force and air thermal expansion associated with the heat dissipation in the discharge. This noise the can be seen in Fig. 14 as multiple spikes associated with the actuation frequency (500 or 1000Hz) and its harmonics. To estimate the contribution of the plasma actuator noise, the difference between the SPL of the Karman shedding spike (from 45 to 66Hz) and the actuation frequency spikes (1000, 2000, 3000Hz for spanwise and 500, 1000, 1500, 2000, 2500, 3000Hz for SVG) is calculated. This difference equals 24dB for spanwise actuator and 14dB for steramwise actuator. Thus, we can conclude that the actuator induced noise is not significant compared to the Karman shedding spike.
VI. Conclusion
The results of the flow control experiments presented in this paper clearly demonstrate the feasibility of the plasma fairing concept for effectively streamlining bluff body flows at high subcritical Reynolds number. In particular, it is demonstrated that surface mounted DBD plasma actuators that are oriented in the spanwise direction delay boundary layer flow separation and thereby effectively streamline the circular cylinder in cross-flow. The operation of the actuators is shown to effectively eliminate Karman vortex shedding. As a consequence, turbulence levels in the wake are significantly reduced as is the wake width and velocity defect.
The streamwise oriented actuators showed an effective control authority by creating counter-rotating vortices within the nascent wake shear layers. This has the effect of creating cross-stream momentum transfer and initially increasing turbulence levels in the wake. As a consequence, the Karman shedding is again strongly suppressed, although the underlying mechanism is quite different than for spanwise plasma actuators.
As expected, the reduction in unsteady large-scale vortex shedding has a favorable effect in reducing radiated noise. Microphone measurements confirm the reduction of near-field pressure fluctuations associated with the reduction of vortex shedding. For both spanwise and PSVG actuation, near-field sound pressure levels are reduced by approximately 14 dB in a frequency band centered on the shedding frequency. Since unsteady plasma actuation is associated with an unsteady body force and thermal expansion during the high voltage ac cycle, it produces acoustic tones at the actuation frequency and its harmonics. These tones are found to be 14dB and 24dB less than Karman shedding noise from the cylinder. In the experiments reported here, it was found a net SPL reduction of approximately 4dB despite the presence of the wind tunnel noise. We estimate these achievements to be encouraging, with regard to the utilization of plasma actuators in aeroacoustic control applications.
The experiments have clearly demonstrated the ability of DBD plasma to eliminate unsteady vortex shedding and dramatically reduce radiated noise. A current focus of the work is to transition this "plasma fairing" technology to a more realistic landing gear geometry. To this end, a 30% scale model of a Gulfstream 555 corporate jet nose gear has been constructed at Notre Dame. Base flow measurements of the landing gear model are underway in the Notre Dame closed loop Mach 0.6 wind tunnel. This work will be followed by a detailed plasma flow control study at Notre Dame that will seek to determine optimum plasma streamlining of the landing gear model. The effectiveness of the plasma actuators in reducing radiated noise from the gear will be characterized by performing acoustic measurements of the plasma faired landing gear model in an appropriate anechoic wind tunnel facility. Measurements would involve the use of microphone beamforming arrays for acoustic source localization and characterization, both with and without plasma flow control.
